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principles calculations based on density functional theory (DFT) within the generalized
gradient approximation (GGA). We also performed total energy calculations to compare
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INTRODUCTION

Computational science has opened a window of knowledge that is hard to be
reached otherwise. In the recent years, it has grown widely to examine various natural
phenomena and get the same results of real experiments. Yet, computational experiments
save effort, time and money. One of the applications for computational science is
studying materials properties. Material properties are mainly determined by the
interactions between the electrons in the outer shells of the atoms, called the valance
electrons. Therefore, the materials behavior can be understood and predicted by using
quantum mechanics in the electronic scale. Solving Schrödinger's equation, Ψ

Ψ, is

sufficient to predict the behavior of the constituents of materials, such as electrons and
ions, where H is the Hamiltonian operator, E is the energy of the system, and Ψ is the
wave function. However, this can be done only for a small system such as the hydrogen
atom. It is impossible for any practical systems that are made up of large number of
electrons and ions. Fortunately, it is still possible to obtain solutions to Schrödinger's
equation in this case owing to the advances in algorithmic and fast computers. These
methods are called first principles calculations because they are parameter-free and they
require nothing more than the atom’s type and location. We apply first principles
calculations based on Density Functional Theory (DFT) [CMP15] in substituting Ni, Co
1

and Ti in MnBi to observe the effect on magnetic properties such as total magnetization
of the substituted MnBi.

2

CHAPTER II
DENSITY FUNCTIONAL THEORY

2.1

Introduction
With the advancement in technology, computer programs are used to analyze the

physical systems in the electronic scale. These are known as the computational methods.
Density functional theory (DFT) is a modelling method widely used in different sciences
to determine the electronic structure in atoms, molecules and condensed phases.
Although it is an approximate method for many electron systems, it is one of the most
reliable methods used in quantum chemistry today. The analysis is based on equations
that include the exchange and correlation functional that states that the energy of the
molecule is a dependent on electron density [CMP15]. Electron density is in turn
dependent on the position of the electrons. There are several commonly used exchangecorrelation functionals including the local density approximation (LDA) [FIO03] and
generalized gradient approximation (GGA) [FIO03].
2.2

Born-Oppenheimer Approximation
It is a method used in density functional theory to describe the interactions within

atoms and molecules. It refers to the assumption that the motion of an electron and that
of a nucleus in a molecule are separable, creating a molecular wave function, which is a

3

function of the position of the electron and that of the nuclei. It consequently follows the
expression:
Ψ
where

,

,

is the position of the electron, while

(2.1)
is the position of the nucleus. In

order for this approximation to hold, there are two basic assumptions involved. The first
assumption is that; wavelength of an electron is determined by the position of the nuclei
and not by the velocity of the individual molecules. This can be taken to assume that the
motion of a nucleus is slow compared to that of an electron, to the extent that the former
is considered static. The second assumption is that the motion of a nucleus, which
includes vibration or rotation, can be reduced to a potential energy term in the electronic
problem.
However, the forces on both electrons and nuclei caused by electric charge are
deemed to be of the same order of magnitude and hence the changes which occur in their
momenta due to these forces must be the same. Moreover, because its mass is much
greater than the mass of electrons, the nuclei have much smaller velocities. On the
typical time scale of nuclear motion, the electrons will rapidly relax to the instantaneous
ground-state configuration such that in solving the time independent Schrodinger
equation from the Hamiltonian equation. The assumption will be that the nuclei are
stationary and therefore the electronic ground-state is first calculated and later calculate
the energy of the system in order to solve for the nuclear motion. The Schrödinger
equation and Hamiltonian operator are:

4

Ψ

..

,

..

Ψ

..

,

..

(2.2)

(2.3)
where me is the electron mass, Zi is the atomic number of the ith nucleus, mzi is the mass
of the ith nucleus,

is Planck’s constant divided by 2π, and ε0 is the permittivity of

vacuum.
It is known that the mass of nuclei is much more than the mass of the electron,
and its speed is slower than the electron as well. It can be assumed that the nuclei have
fixed position

….

. Therefore, the first term of Eq(2.3) will be small and the

potential energy of nuclei-nuclei interaction in this context is constant, so we can
reformulate it as

. The Hamiltonian operator will then become within the Born-

Oppenheimer Approximation.

∑

2.3

∑

∑

∑

(2.4)

Hohenberg-Kohn Theorems
These theorems are used in DFT to determine the ground state properties of a

system. The theorems follow the Born-Oppenheimer approximation where the Coulomb
potential that arises from a nuclei is treated as a static external potential. The first theory
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states that “The external potential (

), and hence the total energy, is a unique

functional of the electron density n(r).” [GHO11].
The second theorem states that “The ground-state energy can be obtained
variationally: the density that minimizes the total energy is the exact ground-state
density.” [GHO11].
The Hohenberg-Kohn theorems are popular due to their powerful nature, but they are still
considered to have a weakness in that they cannot be used to determine the density of a
system in practice, especially that in ground state. It is possibly misleading since it can
alter the actual state of DFT, which they are supposed to be in support. This led to the
development of the next equation, the Kohn-Sham equation to try and address the
weakness.
2.4

Kohn-Sham Equation
In his endeavours, Kohn –Sham developed an approach to unravelling the

interacting many-particle concern in Physics. The methodology set to substitute the
conventional interacting many-particle approach. Kohn – Sham’s technique entailed an
auxiliary system that relied on independent particles, also referred to as Non-Interacting.
Supposedly, the ground state particle density of the selected non-interacting
many-particle approach equates to the ground state density of the initial interacting manyparticle approach. Kohn – Sham ansatz articulates a range of the numerically solved
single-particle equations for the non-interacting technique. Indeed, the estimates to the
exchange-correlation energy functional determine the accuracy of the solution, which

6

integrate many-particle interaction conditions (Su, Jiang, Chen & Wu, 2014). Thus, to
achieve the kinetic energy of the Non-Interacting many-particle technique;

∑ 〈
where

〉

|Δ |

(2.5)

Represents Kohn-Sham orbitals.

The total particle density of the auxiliary technique emanates from the summative of
occupied states.
∗

∑

(2.6)

The technique depicts derivations to the total energy of the system as;

=
where

+

|

|

(2.7)

Denotes the external potential (material’s iconic potential), and

represents the exchange-correlation energy functional including the undefined interaction
conditions of the estimated many-particle technique.
The following formulae emanates from keying in the minimization of total energy
in regard to density through variational principle single-particle equations for the KhonSham auxiliary technique.

Δ

,

(2.8)

The above formulas represent the prominent Kohn-Sham equations. They have elicited a
shit from the many-particle problem to a single particle moving in an efficient potential
usually generated by other particles in the system.

7

,

=

|

(2.9)

|

Kohn-Sham aimed at establishing the ground state particle density as provided for in the
equations (2.6). Briefly, the technique by Kohn-Sham led to the alteration of the energy
functional equation

=

+

|

|

(2.10)

Thus, giving the range of self-consistently resolved differential equations. The
applicability of this technique critically underlies the Exc functional characterized by the
absence of an analytical expression, hence the essentiality of estimations
[SUP14][MAI10].
2.5

Local Density Approximation (LDA)
LDA may also go by the term Local Spin Density Approximation (LSDA). The

approximations operate under an assumption that the local electron density determines
the exchange-correlation energy through the following formula:
∈
The

(2.11)

represents the energy in each electron, and it relies on the density,

that is close to .

is universal, meaning that the parameters might be similar to

those of a homogenous electron gas. Going by the above assumption, then
entails an analytical concept (TAN12]. Ceperly and Alder calculated the
correlation section by applying the Monte-Carlo methods.
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2.6

Generalized gradient approximation (GGA)
GGA accommodates the density of the electron during the examination of the

exchange-correlation energy, unlike LDA. The formula is as follows:
,

∈

,

(2.12)

The GGA applies the parametric principles of Perdew-Wang and Perdew-BurkeErnzerhof.
2.7

Pseudopotential
The external environment affects the valence electrons more than those closer to

the atomic core. Based on the assumption that the core electrons are static, the
pseudopotential approach enacts a new force on the core electrons effect and coulomb
potential. The force leads to wave-like forces on the valence electrons [TAN12]. The
force usually has a smoother effect, thus leading to a lower number of the plane waves
representing the electrons. In effect, the overall energy converges at a faster rate. The full
wave and the pseudo wave functions resemble each other at the area behind the cutoff
radius. The resemblance leads to the pseudo and electron wave functions producing
charges of the same densities. The introduction of the ultra-soft pseudopotentials do not
affect the norm conservation situation, thus benefiting the radii of the softer wave
functions and the smaller cutoff. The fact that there might exist a drawback in the
pseudopotentials is due to the lack of linearity of the exchange-correlation in the DFT.
Moreover, remedies to the non-linear structure are necessary in order to accurately
describe the interactions of the valence-core in case of a significant effect in the overlap
between the core and the valence electron [TAN12]. The projector-augmented wave
9

(PAW) by Blochl engages in the reconstruction of the density of an electron and also
accommodates for linearity in the exchange correlations to avoid the remedies. In the
research, I applied PAW-GGA.
2.8

Basis Set
When practically solving Kohn-Sham equations, one does so through regular

iteration. The process is accomplished through expanding the orbitals of the basis
function sets that are chosen accordingly. One of the basis sets that can be adopted is one
of plane-waves, which has three unique advantages. First, plane-waves ensure the basisset convergence is controlled.

Secondly, it enables one to use Hellmann-Feynman

theorem, which enables the computation of all forces that act on atoms as well as
evaluating the unit cell, before computing the stresses on that atom. Finally, it helps
analyze a system and its time evolution, by opening up quantum molecular dynamic
simulations from the beginning [AMI10].
2.9

Hybrid Density Functions
Hybrid functions are used to determine the electronic properties of metals and

other solids, this can therefore be used to determine and improve their performance. It
also has been used in mechanics to determine the nonlinear oscillations in metallic
objects. For example it can be used to improve the photoconductivity of solar energy
applications for example in Cuprous Oxide. It has been realized that the
photoconductivity of Cuprous Oxide (Cu2O) is limited by its electron carrier minority. By
determining the electronic structure and its density, a hybrid function can then be used to

10

predict a delocalized electron and a localized electron thus improving its
photoconductivity [LSS13].
We used the Heyd-Scuseria-Ernzerhof (HSE) density functionals. They are
favored because they are able to advance based upon the preciseness of semilocal
functionals, especially for the gaps of semiconductor band. The form of HSE functional
defines a two-dimensional space of DFT functionals, set by the fraction of Fock
, on which the short-range

exchange, ,at zero electron separation and length scale,
Fock exchange is computed [MOU12].
E

aE

,

μ

1

a E
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,

μ

E

,

E

(2.13)

CHAPTER III
SUBSTITUTION OF NI, CO AND TI IN MNBI

3.1

Introduction
In the recent years, much attention has been paid to the study of rare earth free

permanent magnetic materials. Such scientific interest can be explained by search of
substitutes for rare earth based magnets technologically important. As it is widely
known, rare earth based magnets are rare and expensive.

That is why, Mn-based

intermetallic materials gain popularity in scientific community all over the world, mainly
MnBi [KHA10] and MnAl [JIM12]. Due to their structural and magnetic properties
MnBi and MnAl are strategically important compounds with permanent magnetic
performance and crystallographic characteristics that can be used as innovative thermal
writing means [SAH2000, YIN96]. In correspondence to synthesis temperature binary
system of MnBi demonstrates three magnetic phases. While synthesizing MnBi at
temperature below 355° C it goes through first order structural and magnetic transition to
a paramagnetic high temperature phase [KOY07, YIN96]. When high temperature MnBi
is quickly quenched a ferromagnetic quenched high temperature phase with Curie
temperature of 167 °C is gained. Thus, satisfactory magnetic and magneto-optical
properties of MnBi binary system are proved [SAH02].
Favorable hard magnetic properties characterize MnBi in its low temperature
phase. It is worthy of attention that a coercive force of the low temperature
10

ferromagnetic phase (with coercivity value of 1.9 Tesla) rises at temperature 277°C
[SAH02]. Taking into consideration of discussed properties, the low-temperature
ferromagnetic phase MnBi is a great potential candidate for permanent magnetic material.
The method of preparation and heat treatment determine MnBi crystal structure and its
magnetic properties. Scientists marked MnBi simultaneous phase formation of several
phases [XUG89]. It is difficult to get a separate phase MnBi with a help of traditional
methods. Such a phenomenon takes place because of immediate formation of Mn and Bi
precipitates, in terms of necessary MnBi matrix. Creation of separate phase MnBi in vast
quantities is still difficult because of Mn segregation at temperature 446°C [GUO92].
A Great amount of research has been conducted in order to synthesize separate
phase MnBi [PIR79, ROB56, and YOS99]. Such researchers as Yang [YAN02] and
Zhang [ZHA11] successfully obtained MnBi permanent magnets of different quality
through complicated synthesis routs. Some scientists gained 90% wt. low temperature
ferromagnetic phase MnBi magnets by applying magnetic separation and other
techniques [YAN02]. Also there were attempts to produce the MnBi magnet by quick
quenching, followed by thermic treatment [GUO92]. In such a way scientists gained
more than 95% wt. MnBi ferromagnetic of low temperature phase [GUO92]. Some years
ago MnBi permanent magnet with density of 93% was prepared with application of
milled powders elements [ZHA11]. Nithya et al. while studying structural and magnetic
properties of the MnBi intermetallic compound (synthesis conditions for MnBi
compound – vacuum seal and 310oC/48h quenched) revealed that magnetic moments of
MnBi are extremely dependent on heat treating schedule [NIT13].
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So, different factors influence magnetic properties of MnBi such as fractional
presence of different phases, compositions and microstructure. Thus, in order to enhance
magnetic properties of MnBi detailed structural and compositional investigations are
necessary.
A proper substitution of a foreign atom in MnBi unit cell can be used to tune the
properties of MnBi. We have performed first principles calculations using DFT to study
Co, Ni and Ti substituted MnBi.
3.2

Computational Method
MnBi has a hexagonal NiAs crystal structure that belongs to P63/mmc space

group. Fig 3.1 shows a unit cell of MnBi used in the present work that contains four
atoms of two formula units. Magnetism in MnBi arises from Mn atoms occupying 2a site
while Bi occupies 2c site [SHR13]
Total energies and forces were calculated using DFT with projected augmented
wave (PAW) potentials as implemented in The Vienna Ab initio Simulation Package
(VASP). All calculation were spin polarized. A plane wave cutoff of 520 eV was used
for pure MnBi and substituted MnBi. Reciprocal space was sampled with a 8

8

6

Monkhorst-Pack mesh. Electron exchange and correlation was treated with GGA as
parameterized by the Perdew-Burke-Ernzerhof (PBE) scheme. To describe MnBi and
substituted MnBi system correctly, we used GGA+U as well as HSE methods.

12

Figure 3.1

3.3
3.3.1

The Unit cell of MnBi in a hexagonal NiAs crystal structure

Results and discussion
Pure MnBi
We used DFT + U method to describe strongly correlated d-electrons of Mn

atoms in MnBi. We performed a series of total energy calculations for different Ueff
values. It has been noticed that the total magnetic moment of the unit cell increase as Ueff
of Mn atom increases. To select the best Ueff value for Mn we performed a HSE
calculation. Although HSE calculations are computationally much more demanding, it is
considered to be more reliable than DFT+U calculations. HSE calculations estimated the
total magnetic moment to be 8.153
eV we get around 8.153

. As shown in [Fig3.2] if we set Ueff to be around 5

. We therefore set Ueff to be 5 eV for all subsequent

calculations for this work.
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Figure 3.2

Calculated moment as a function of Ueff

We calculated lattice constants

4.48 and

experimental lattice constants of pure MnBi are

4.256

6.058 while the
and

6.042 at 4.2 K

[ROB56]. Table 3.1 shows the total energy of the MnBi unit cell and magnetization for
Ueff =0.0 and 5.0 eV.
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Figure 3.3

3.3.1.1

(i) Structure 1 X substituted in a regular lattice site of Mn.(ii) Structure2
substituted in interstitial site with one of the lattice sites empty, and (iii)
Structure3 disorganize structure by substituted in the regular lattice site of
Mn and the second Mn occupies the interstitial site.

Ni substituted MnBi
In this case we added one Ni atom and removed one Mn atom from the unit cell

of MnBi in Structure 1. Table 3.2 shows the effect of Ueff on the substitution energy and
magnetization. For Ueff = 0 the substitution energy is negative which indicates that Ni
substituted MnBi can be synthesized experimentally. However for other values of Ueff
the substitution energy is a small positive number (< 1 eV). Considering the fact we have
15

not investigated the full phase space and we do not know Ueff of Mn and Ni which
depends on neighboring atoms, a small positive value of substitution energy does not
eliminates the possibility of formation of Ni substituted MnBi.
Table 3.1

One Ni atom has been substituted in MnBi unit cell.

Element

Ueff (eV) Energy (eV) substitution Magnetic
Energy (eV) Moment (

Magnetization
/

Mn1Bi2 Ni1

0.0
1.0
2.0
3.0
4.0

‐21.927
‐19.541
‐18.637
‐18.026
‐17.433

‐0.369
0.072
0.033
0.029
0.026

4.1436
4.671
4.7149
4.7354
4.7661

0.0474
0.0492
0.0505
0.0509
0.0512

5.0

‐16.861

0.022

4.9228

0.0527

The value of Ueff has been varied to investigate its effect on Esub and Magnetization

Next we investigate the possibility where substituted Ni atom does not go to the
regular Mn site but forms Structure 2 or Structure 3. Table 3.3 compares the total energy
of three cases. Here we have used HSE method which is considered to be a more accurate
method without adjustable parameter Ueff. We see in the Table 3.3 that the energy of the
unit cell in Structure 1 is the lowest energy. This indicates that the substituted atom takes
a regular Mn site equally likely with ferromagnetic and antiferromagnetic Spin
configuration.

16

Table 3.2

Comparison of Ni substituted MnBi in three different structures.

Element

Case

Mn1Bi2Ni1

Structure FM
(i)
AFM
Structure
(ii)

Structure
(iii)

Spin
configuration

Etot (eV)

Magnetic
Moment

Magnetization
/

‐29.0377

‐5.1547

‐0.0480

‐29.0378

‐5.1554

‐0.0480

FM

‐28.696

4.5196

0.0414

AFM

‐28.599

3.0634

0.0281

FM

‐27.720

5.0296

0.0461

AFM

‐27.710

2.8418

0.0260

FM and AFM indicate that Ni atoms have spins parallel and antiparallel to Mn atoms
respectively.

3.3.1.2

Co substituted MnBi
In this case we substituted one Co atom in the MnBi unit cell. Table 3.4 show the

effect of changing Ueff. . Similar to the previous case the substitution energy is only
negative for the case Ueff = 0.
Table 3.5 shows comparison of total energy of the unit cell for different
structures. Here we see the energy is lowest when Co atom sits in the interstitial site and
its spin lies parallel to the spin of Mn atom.

17

Table 3.3

One Co atom has been substituted in MnBi unit cell.

Element

Ueff (eV) Energy (eV) substitution Magnetic
Energy (eV) Moment (

Magnetization
/

Mn1Bi2Co1

0.0
1.0
2.0
3.0
4.0
5.0

0.0507
0.0548
0.0570
0.0591
0.0603
0.0594

‐23.172
‐20.189
‐19.382
‐18.734
‐18.221
‐17.787

‐0.066
0.4913
0.4779
0.3244
0.1772
0.1086

4.2939
5.0002
5.2903
5.6226
5.7354
5.7940

The value of Ueff has been varied to investigate its effect on Esub and Magnetization

Table 3.4

Comparison of Co substituted MnBi in three different structures.

Element

Case

Mn1Bi2Co1

Structure (i)FM

Structure
(ii)

Structure
(iii)

Spin
Etot (eV)
configuration

Magnetic
Moment

Magnetization
/

‐31.1693

2.1691

0.0202

AFM

‐31.1692

2.1706

0.0202

FM

‐31.189

5.6023

0.4757

AFM

‐30.954

1.8760

0.1593

FM

‐29.820

6.7316

0.5716

AFM

‐29.887

2.6594

0.2258

FM and AFM indicate that Ni atoms have spins parallel and antiparallel to Mn atoms
respectively.
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3.3.1.3

Ti Substituted MnBi
In this case we substituted one Ti atom in the MnBi unit cell. Table 3.6 shows the

comparison of substitution energy and magnetization for different Ueff values.
We notice from the table that the substitution energy is negative in all values of
Ueff except Ueff = 3.0 eV. Table 3.7 shows the comparison of three different structure. The
total energy of the three different structures suggests that the first structure where Ti atom
is substituted at a regular Mn lattice site is equally likely with ferromagnetic and
antiferromagnetic spin configuration.
Table 3.5

One Co atom has been substituted in MnBi unit cell.

Element

Ueff
(eV)

Energy
(eV)

substitution
Energy (eV)

Magnetic
Moment
(

Magnetization
/

Mn1Bi2Co1

0.0
1.0
2.0
3.0
4.0

‐23.172
‐20.189
‐19.382
‐18.734
‐18.221

‐0.066
0.4913
0.4779
0.3244
0.1772

4.2939
5.0002
5.2903
5.6226
5.7354

0.0507
0.0548
0.0570
0.0591
0.0603

5.0
‐17.787
0.1086
5.7940
0.0594
The value of Ueff has been varied to investigate its effect on Esub and Magnetization

19

Table 3.6

Comparison of Co substituted MnBi in three different structures.

Element

Case

Mn1Bi2Co1

Structure (i)FM

Structure
(ii)

Structure
(iii)

Spin
Etot (eV)
configuration

Magnetic
Moment

Magnetization
/

‐31.1693

2.1691

0.0202

AFM

‐31.1692

2.1706

0.0202

FM

‐31.189

5.6023

0.4757

AFM

‐30.954

1.8760

0.1593

FM

‐29.820

6.7316

0.5716

AFM

‐29.887

2.6594

0.2258

FM and AFM indicate that Ni atoms have spins parallel and antiparallel to Mn atoms
respectively.
3.3.1.4

Ti Substituted MnBi
In this case we substituted one Ti atom in the MnBi unit cell. Table 3.6 shows the

comparison of substitution energy and magnetization for different Ueff values.
We notice from the table that the substitution energy is negative in all values of
Ueff except Ueff = 3.0 eV. Table 3.7 shows the comparison of three different structure. The
total energy of the three different structures suggests that the first structure where Ti atom
is substituted at a regular Mn lattice site is equally likely with ferromagnetic and
antiferromagnetic spin configuration.
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Table 3.7

One Ti atom has been substituted in MnBi unit cell.

Element

Ueff
(eV)

Energy
(eV)

substitution
Energy (eV)

Magnetic
Moment

Magnetization
/
)

Mn1Bi2Ti1

0.0
1.0
2.0
3.0
4.0
5.0

‐24.287
‐21.409
‐20.587
‐17.523
‐19.264
‐18.832

‐0.522
‐0.133122
‐0.150681
2.075474
‐0.313442
‐0.332984

3.9006
5.0771
3.8096
0.6707
5.3303
‐5.1992

0.0412
0.0491
0.0362
0.0066
0.0491
‐0.0457

The value of Ueff has been varied to investigate its effect on Esub and Magnetization
Table 3.8

Comparison of Ti substituted MnBi in three different structures.

FM and AFM indicate that Ni atoms have spins parallel and antiparallel to Mn atoms
respectively.

3.4

Conclusion
We investigated the substitution of Ni, Co and Ti atom in MnBi. DFT with GGA

functional indicate that substitution energies of these elements are negative. However,
DFT+U method calculated the substitution energies to be small positive number for
substituted Ni and Co but it is negative for substituted Ti except when Ueff = 3. We also
compared the total energies of three different structures using HSE method so there is no
21

Ueff. Our results show that Ni and Ti atoms go to the regular Mn lattice site in MnBi unit
cell equally likely with ferromagnetic and antiferromagnetic spin configuration.
A Co atom has the lowest energy when Co occupies interstitial lattice site of
MnBi unit cell and spins parallel to Mn atom.
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